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Abstract—Chemically modified bentonites are being developed with the aim of preserving low hydraulic
conductivity in the presence of potentially aggressive permeants in pollutant-containment applications.
‘Multiswellable’ bentonite (MSB) has been obtained by treating standard sodium bentonite with propylene
carbonate. Research on the engineering properties of MSB has focused mainly on permeability and
chemical compatibility. Solute diffusion and membrane behavior in MSB have not yet been investigated. A
combined chemico-osmotic/diffusion test was performed on a MSB specimen using a 5 mM CaCl2
solution. Permeability with distilled water and with the 5 mM CaCl2 solution was measured prior to and
after the chemico-osmotic/diffusion tests. The material exhibited time-dependent membrane behavior with
a peak osmotic efficiency value (o) of 0.172 that gradually shifted to zero upon breakthrough of calcium
ions. Effective diffusion coefficients of calcium and chloride ions were in the range commonly described
for untreated bentonite at similar porosities. After the chemico-osmotic/diffusion stage and permeation
with 5 mM CaCl2, the hydraulic conductivity of MSB increased from 1.1610
11 m/s to 7.061011 m/s.
The MSB was apparently converted into a calcium-exchanged bentonite at the end of the test. Prehydration
and subsequent permeation might have contributed to elution of the organic additive from the clay. Further
investigation is recommended to clarify the effect of prehydration on the hydraulic performance of MSB in
the presence of potentially aggressive permeants.
Key Words—Chemico-osmotic Efficiency, Contaminant-resistant, Diffusion, Hydraulic Conductiv-
ity, Membrane, ‘Multiswellable’ Bentonite, Propylene Carbonate, Swelling.
INTRODUCTION
Bentonite has been used widely in engineered barriers
for pollutant containment (e.g. soil-bentonite mixtures,
cement-bentonite mixtures). Geosynthetic Clay Liners
(GCLs) consisting of a thin layer of bentonite sand-
wiched between two geotextiles or glued to a geomem-
brane are increasingly used as hydraulic barriers in
landfill covers and liners. The GCLs that do not include
a geomembrane have hydraulic conductivity on the order
of 1011 m/s when permeated with deionized water or
dilute aqueous solutions, owing to the low permeability
properties of Na-montmorillonite, the main component
of common bentonites (Bouazza, 2002). Unfortunately,
the hydraulic conductivity of GCLs can be increased
drastically by inorganic permeants that are aggressive to
Na-montmorillonite, e.g. solutions with high concentra-
tions and/or containing predominantly multivalent
cations (Jo et al., 2004).
Several types of contaminant-resistant bentonites
have been developed with the aim of preserving low
hydraulic conductivity in the presence of potentially
aggressive permeants (Onikata et al., 1996; Lo et al.,
1997; Ashmawy et al., 2002). This paper presents test
results for MultiSwellable Bentonite (MSB), a chemi-
cally modified bentonite (Onikata et al., 1999). Previous
research on the engineering properties of MSB has
focused mainly on permeability and chemical compat-
ibility (Katsumi et al., 2001; Mazzieri and Pasqualini,
2006; Katsumi et al., 2008). In low-permeability
barriers, diffusion may become the dominant pollutant-
transport mechanism (Shackelford and Daniel, 1991). To
the authors’ knowledge, solute diffusion in MSB has not
yet been investigated. A combined chemico-osmotic/
diffusion test was, therefore, performed on MSB using a
5 mM CaCl2 solution. The primary purpose was to
gather information on the diffusion of solutes in MSB.
Secondly, the chemico-osmotic coefficient, o, of MSB
in the presence of the electrolyte solution was measured
during the diffusion test. The purpose was to evaluate
the ability of MSB to sustain membrane behavior and to
compare the results with literature data on untreated
bentonite. Finally, the impact of diffusion and subse-
quent permeation with 5 mM CaCl2 on the hydraulic
conductivity of MSB was evaluated.
PERMEABILITY AND MEMBRANE BEHAVIOR
OF BENTONITES
The efficiency of bentonite as a component of
hydraulic barriers is attributed to the large swelling
capacity and low permeability of Na-montmorillonite.
Swelling of montmorillonite from a dry state occurs in
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two phases: the limited crystalline and the extensive
crystalline (Quirk and Marcˇelja, 1997) or osmotic
(Onikata et al., 1999; Jo et al., 2004) phases. In the
former phase, water is absorbed as a result of the
hydration of interlayer cations and solid surfaces until
several monolayers of water molecules are bound in the
interlayer. The latter phase consists of the macroscopic
expansion of the clay volume as a result of further water
adsorption in the interlayer space.
The extensive crystalline swelling is attributed to the
interaction of diffuse double layers of contiguous clay
surfaces, and the repulsive pressure acting between them
can be modeled as the osmotic pressure difference
between the center of the interlayer space and the bulk
fluid (e.g. Bolt, 1956). Other authors have discounted the
influence of double-layer interactions and attributed the
extensive crystalline swelling to the structural perturba-
tion of the interfacial water under the influence of the
clays surface (e.g. Viani et al., 1983).
For Na-montmorillonite, the osmotic phase of swel-
ling is identified with d001 spacings reaching values >1.9
nm and it occurs if the hydrating liquid is pure water or a
dilute solution, whereas it is prevented by electrolyte
concentrations of >0.3 M NaCl (Norrish and Quirk,
1954). If multivalent cations (e.g. Ca2+, Mg2+, Al3+)
predominantly occupy the exchange complex, swelling
is limited to the crystalline phase (d001 4 1.9 nm) even
if the hydrating solution is pure water. In montmor-
illonites that undergo both crystalline and extensive
swelling, a large number of water molecules is bound
(hydraulically immobile). As a result, the fraction of the
pore space occupied by bulk water that is free to flow is
relatively small and the flow paths are tortuous and
elongated. The clay has a dispersed structure in which
clay particles are partly present as separated platelets
and the hydraulic conductivity to water is typically very
low (Mesri and Olson, 1971; Mitchell, 1993; Jo et al.,
2001, 2004).
Na-montmorillonite-rich clayey soils (e.g. bento-
nites) have been shown to behave as membranes, i.e.
restrict the transport of solutes while a flow of water
(chemical osmosis) is induced in the direction opposite
to that of the chemical gradient (e.g. Katchalsky and
Curran, 1965). The extent to which clays behave as
semipermeable membranes has traditionally been quan-
tified in terms of the osmotic efficiency coefficient o
(Mitchell, 1993). The membrane behavior of bentonite is
being regarded with great interest in view of the
beneficial impact on containment capability, since a
barrier exhibiting chemical osmosis will generally per-
form better in terms of solute containment than a barrier
where chemical osmosis is absent (Kejzer et al., 1999;
Malusis and Shackelford, 2002).
In the case of charged solutes, membrane behavior is
generally attributed to electrostatic repulsion of the ions
by electric fields generated by the overlapping diffuse
double layers of closely spaced clay particles (Fritz,
1986). The restriction of solute transport by clayey soils
is usually partial, so that the soil behaves like a ‘leaky’
or semi-permeable membrane allowing some flux of
solutes. Hence, the chemico-osmotic behavior may be
altered by the invasion (e.g. by molecular diffusion) of
the pore space by solutes that cause compression of
double layers, e.g. multivalent ions and/or high electro-
lyte concentrations (Mazzieri et al., 2003; Shackelford
and Lee, 2003). The same factors usually increase the
hydraulic conductivity of common bentonites.
The MSB is a modified bentonite obtained by treating
standard sodium bentonite with propylene carbonate (PC
below), an aprotic polar organic solvent. Onikata et al.
(1999) showed that PC forms complexes with homoionic
montmorillonite by intercalation, and that the PC-mont-
morillonite complexes exhibit osmotic swelling (basal
spacing d001 > 1.9 nm) in electrolyte solutions up to
0.75 M NaCl, whereas untreated bentonite exhibits
osmotic swelling for NaCl concentrations of <0.3 M.
The activating effect of PC on osmotic swelling has been
explained in terms of solvent electron donor and
acceptor properties (Onikata et al., 2000). Treatment
with PC not only improves the swelling properties but
also the hydraulic conductivity of MSB. For example,
permeability tests revealed that MSB had a hydraulic
conductivity of 2.061011 with 1 M NaCl whereas
untreated bentonite had a hydraulic conductivity of
2.361010 m/s (Katsumi et al., 2008). Verifying
whether modified bentonites such as MSB can sustain
any membrane behavior is of great interest for contain-
ment applications (Shackelford, 2005).
MATERIALS AND METHODS
Materials
The MSB used in this study consisted of 80% Na-
bentonite (NB hereafter) and 20% PC on a dry weight
basis (i.e. the PC to NB weight ratio = 0.25). The MSB
and NB were supplied to the authors by the producer
(Hojun Kogyo Corp., Annaka, Gunma, Japan). The main
physical and chemical properties of the clays were
derived partly from the product information sheets and
partly by standard soil-analysis procedures (see the
Results section below).
Powder X-ray diffraction (XRD) analyses were
performed on air-dried samples of MSB and NB using
a Philips diffractometer (PW1730 X-ray generator, PW
1050/70 goniometer and CuKa radiation). No pretreat-
ment of the clays was performed as the main purpose of
the XRD analysis was to compare diffraction patterns
and to observe the differences induced by the organic
additive.
The liquids used in the study were distilled water
(hereafter DW) and a 5 mM solution of CaCl2. The type
and concentration of the solution were selected in order
to allow comparison with results of a similar test on
untreated Na-bentonite (Shackelford and Lee, 2003).
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Distilled water (pH = 5.8, Electrical Conductivity, EC, =
1.7 mS/m) was produced using a water-distilling
apparatus DZ 8103, Schott. The 5 mM CaCl2 solution
(pH = 5.7, EC = 113 mS/m) was prepared by dissolving
analytical-grade CaCl2·2H2O (>99.9% Merck, Belgium)
in DW.
Free swell tests
Free swell tests (ASTM D5890) were performed to
examine the swelling behavior of MSB in the testing
liquids (DW and 5 mM CaCl2). Two grams of oven-dried
clay were dusted carefully into a graduated cylinder
containing the solution and the volume occupied by the
clay (‘free swell’) was recorded after 24 h. Preliminary
tests had shown some differences in the free swell results
performed on air-dried or oven-dried MSB samples. In
particular, the free swell was found to decrease
significantly for oven-dried MSB compared to air-dried
MSB. Heating at 105ºC probably evaporated some of the
weakly bound PC (Onikata et al., 1999). Hence, MSB
specimens to be used for further testing were not oven-
dried. In order to estimate the gravimetric water content,
separate portions of MSB were oven-dried at 105ºC for
24 h. Although some of the recorded mass loss after
oven drying might have been caused by evaporation of
PC, no correction was adopted and the recorded mass
loss was attributed entirely to water.
Chemico-osmotic/diffusion test
The combined chemico-osmotic/diffusion test was
carried out by means of the testing apparatus described
by Mazzieri et al. (2003), consisting essentially of the
test cell and the pumping system (Figure 1). The cell
consisted of a lower mold and a pressure chamber
separated by a rigid piston. The clay specimen was
housed in the lower mold and confined between two
porous plates. Swelling of the clay during the test was
prevented by blocking the top piston.
The MSB specimen was prepared with a view to
simulating thin bentonitic barriers like Geosynthetic
Clay Liners. A thin layer of dry MSB was spread into the
lower mold of the testing cell. The amount of bentonite
used (0.45 g dry solids/cm2) was similar to that of
commercial GCLs. The mold was subsequently inun-
dated with DW and the specimen was allowed to swell
unconfined to a height of ~10 mm. The swollen MSB
was then consolidated to the desired height of 7.4 mm
(corresponding to a porosity of 0.717) by pressurizing
the chamber above the top piston. The specimen was
then permeated with DW to remove soluble salts,
improve saturation, and measure the reference hydraulic
conductivity.
After permeation, the chemico-osmotic/diffusion
stage of the experiment commenced. A chemical
gradient was induced across the specimens by circulat-
ing solutions of different concentrations at the specimen
boundaries (i.e. the porous plates). The solutions were
pumped at the same volumetric rate, q (4.26107 L s1
in the present experiment). At the top boundary, the
solution was infused at concentration Ct,i (= 5 mM
CaCl2) and withdrawn at concentration Ct,o< Ct,i as a
result of the diffusion of solutes (Ca2+ and Cl) into the
clay. At the base boundary, the solution was infused at
concentration Cb,i (DW in this experiment, Cb,i = 0) and
withdrawn at concentration Cb,o> Cb,i as a result of
solute diffusion from the clay. The outflow concentra-
Figure 1. Schematic view of the testing apparatus. Arrows indicate circulation flow directions (modified after Mazzieri et al., 2003).
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tions, Ct,o and Cb,o, were monitored in order to evaluate
the solute-mass flux across the specimen. Cation and
anion concentrations in the outflow solutions were
measured using a Varian SpectrAA 600 spectrophot-
ometer.
As no water could leave or enter the clay, no fluid
flow occurred across the clay; in the presence of osmotic
behavior, a differential pressure arose that was measured
by means of the differential pressure transducer
(Figure 1). The osmotic efficiency coefficient o [] is
defined as follows (Malusis et al. 2001):
o ¼ DP
Dp
ð1Þ
where DP = the measured differential pressure [kPa] and
Dp = the theoretical osmotic pressure difference across
an ideal semi-permeabile membrane [kPa]. For the
strong electrolyte (i.e. completely dissociated) solution
used in the present study, the theoretical osmotic
pressure difference can be expressed in accordance
with the van‘t Hoff equation as:
Dp ¼ nRTDC ð2Þ
where n = the number of ions per salt molecule, R = the
universal gas constant [8.314 J mol1 K1], T = the
absolute temperature [K], DC = the salt concentration
difference [mol L1].
At the beginning of the experiment, DW was first
circulated for 1 day at both ends of the specimen to
establish a reference differential pressure and remove
residual salts from the porous plates. The 5 mM CaCl2
solution was then circulated at the top end of the
specimen until the steady states of the differential
pressure and the diffusive flux were reached. Finally,
permeation with 5 mM CaCl2 was carried out in order to
assess the impact of the solution on the hydraulic
conductivity of MSB.
Test interpretation
During chemico/osmotic-diffusion experiments,
solute diffusion usually displays a transient phase, with
variable Ct,o and Cb,o, and a steady-state phase, with
constant Ct,o and Cb,o. To evaluate the solute-diffusion
coefficient by the steady-state approach, the cumulative
mass per unit area, Qt [mol m
2], of a given solute was
calculated as (Malusis et al., 2001):
Qt ¼ 1A
XN
k¼1
DVkðcb;oÞk ð3Þ
where Dmk = the mass increment [mol] in the k
th sample
collected over a given time interval Dt, DVk = the
outflow volume for the kth sample [L], (cb,o)k = the
outflow base solute concentration measured in the kth
sample, and N = the total number of samples collected.
The Qt vs. t plot usually presents a curved portion
(transient diffusion) and a linear portion (steady-state
diffusion). The extrapolated intersection of the linear
portion with the time axis is referred to as ‘time-lag,’ tL,
whereas the intersection of the curved transient portion
with the linear portion corresponds to the steady-state
diffusive flux and is denoted as tss. The slope of Qt vs. t
plot at steady state is related to the diffusive mass flux J
by:
J ¼ DQt
Dt
ð4Þ
At steady state, Fick’s first law of diffusion in soils
(Crank, 1975) gives:
J ¼ nD ð
Ct  CbÞ
H
ð5Þ
where J = the steady-state diffusive mass flux
[mol m2 s1], C¯t = the average solute concentration
in the top plate [mol L1], C¯b = the average solute
concentration in the base plate [mol L1], D = the bulk
solute diffusion coefficient [m2 s1], H = the specimen
thickness [m], and n = the total clay porosity []. The
bulk diffusion coefficient, D [m2 s1], is defined as
follows (Manassero and Dominijanni, 2003):
D ¼ ð1 oÞtD0 ð6Þ
where t = the geometric tortuosity factor () and D0 =
the solute free diffusion coefficient [m2 s1]. Assuming
that sorption of the solute on the clay can be represented
by a linear isotherm, tL is related to the retardation factor
Rd [] as follows (Crank, 1975):
Rd ¼ 6DtLH2 ð7Þ
Note that equation 7 derives from a closed-form
solution to Fick’s second law of diffusion in soils for a
neutral solute undergoing linear sorption, for perfect
flushing boundary conditions and an initial zero solute
concentration across the clay. In the case of a binary
electrolyte, the cation of which undergoes exchange by
the clay, the rigorous transport model that accounts for
linear sorption, the osmotic effect, and the constraint of
electroneutrality consists of a coupled system of non-
linear partial differential equations that must be solved
numerically (Malusis and Shackleford, 2002).
Application of equation 7 to the transient transport of
individual ions of a binary electrolyte results in a
‘lumped’ retardation factor that includes solute restric-
tion, sorption, and electrical interaction between ions
(Van Impe et al., 2005).
RESULTS AND DISCUSSION
Materials characterization
The untreated NB had a similar cation exchange
capacity (CEC), cation occupancy, and free swell
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(Table 1) to bentonites used in commercial GCLs,
particularly to those that have proven to behave as
semi-permeable membranes (Malusis and Shackelford,
2001; Shackelford and Lee, 2003). NB was, therefore,
assumed to exhibit chemico-osmotic behavior under
suitable conditions (i.e. small salt concentrations, small
thickness).
The specific gravity of MSB (2.15) as per ASTM D
854 was significantly smaller than that of untreated NB
(2.63), which was consistent with the binding of PC
molecules in the interlayer of montmorillonite (Kolstad
et al., 2004). The exchangeable cations of MSB,
previously washed with DW, were displaced with an
ammonium acetate solution, following the procedure
indicated by Sumner and Miller (1996). Sodium was the
dominant cation, with a significant calcium content,
analogous to NB. The sum of exchangeable cations
exceeded the CEC, probably as a result of incomplete
removal of soluble salts during washing with DW.
Hence, the exchangeable cation concentrations may
include a fraction of soluble cations.
The main feature of the XRD patterns (Figure 2) was
the shift in the d001 basal spacing of the MSB (d001 =
1.78 nm) compared to NB (d001 = 1.23 nm), reflecting
Figure 2. XRD patterns of MSB bentonite and NB bentonite.
Table 1. Physical and chemical properties of the MSB and NB bentonites.
Property Source/method ———— Value ————
Product name Information sheet Multigel1 (MSB) Superclay1(NB)
Principal mineral Information sheet Montmorillonite Montmorillonite
Water content (%) ASTM D4959 21 10
Specific gravity, Gs () ASTM D 854 2.15 2.63
Liquid limit ( %) ASTM D4318 554 683
Clay pH a 7.0 9.0
Electrical conductivity (mS/m) a 18.8 15.3
Cation exchange capacity (meq/100 g)  52.6b 72.3c
Exchangeable cations(meq/100 g):
Na+
Ca2+
Mg2+
K+

41.0b
16.9b
6.8b
0.8b
45.4c
19.1c
9.6c
1.0c
Soluble cations (meq/100 g):
Na+
Ca2+
Mg2+
K+
d
13.5
1.7
0.8
0.6
2.0
0.4
0.8
0.8
Free swelling (mL) ASTM D5890 23 22
a Measured on a 1:50 bentonite-water extract.
b Based on the method of Sumner and Miller (1996).
c Data from Mishra et al. (2006).
d Based on the method after Rhoades (1996)
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the presence of PC molecules coordinated with
exchangeable cations in the interlayers.
Onikata et al. (1999) presented the basal spacings of
air-dried homo-ionic montmorillonites mixed with var-
ious concentrations of PC. The basal spacing of
homoionic Na, Ca, and Mg montmorillonites mixed
with 25% PC was 1.9 nm, suggesting the formation of
bi-layers of PC between the silicate layers, whereas the
d001 spacing for K-montmorillonite was 1.4 nm with a
mono-layer of PC molecules being formed. The d001
spacing of air-dried MSB observed in this study
(1.78 nm) was intermediate between the values observed
for bi- and mono-layers of PC molecules, probably as a
result of mixed cation occupation and/or slightly
different residual water contents after air-drying.
Free swell
In an attempt to simulate the sequence of exposure of
the chemico-osmotic/diffusion test, the same MSB was
used for the free swell tests in DW and in 5 mM CaCl2.
After completion of the test in DW, the bentonite was
recovered, air-dried, and reused for the test with 5 mM
CaCl2. The free swell of MSB in DW was 23 mL
whereas in 5 mM CaCl2 the free swell was 50 mL. The
base NB bentonite gave 22 mL in DW and 27 mL in
5 mM CaCl2. Onikata et al. (2000) attributed the
swelling of MSB in electrolyte solutions to the formation
of thick electrical double layers consisting of PC and
water that coordinate with the interlayer cations between
the silicate layers. The MSB swollen in 5 mM CaCl2
formed large flocs that did not remold completely when
settled, which may partly explain the large swell volume.
Moreover, the surpernatant was relatively clear whereas
it was rather turbid with DW, reflecting the tendency of
the clay particles to remain suspended. The same trend
of increasing swell with 5 mM CaCl2 compared to DW
and the tendency to form flocs was also observed in NB,
albeit to a much lesser extent.
Katsumi et al. (2008) reported results of free swell
tests on MSB in DW and in CaCl2 solutions for
concentrations ranging from 0.1 M to 0.5 M. They
found that the free swell of MSB in CaCl2 solutions was
always less than in DW, but they reported no data for
concentrations of <0.1 M. Katsumi et al. (2008) also
found that free swell results did not always correlate
well with other properties of MSB. For example, they
observed that the free swell of MSB increased from
28 mL in DW to 40 mL in 0.5 M NaCl, but the Liquid
Limit decreased from 500% in DW to 320% in 0.5 M
NaCl. The hydraulic conductivity remained substantially
unaltered, varying from 1.061011 m/s in DW to
1.361011 m/s in 0.5 M NaCl. As a consequence, a
considerable increase in the swelling power of MSB in a
given liquid does not necessarily reflect a substantial
improvement in terms of hydraulic conductivity.
Permeation with DW
Permeation with DW was continued until the
Electrical Conductivity (EC) of the effluent solution
(Figure 3) was significantly less than the EC of the 5
mM CaCl2 solution (113 mS/m). The EC of the effluent
was initially approximately double the EC of the 5mM
CaCl2 solution. The final EC of effluent was 25 mS/m,
less than one-fourth of the source solution. The
hydraulic conductivity (k) of the specimen (Figure 3)
was calculated from the measured effluent volume
during permeation and the applied gradient in accor-
dance with Darcy’s Law. A relatively large hydraulic
gradient (&770) was used in order to shorten the
flushing stage, which still lasted ~90 days. The
calculated k of the MSB specimen with DW was
relatively constant at & 1.161011 m/s.
Chemico-osmotic efficiency
In the chemico-osmotic/diffusion stage of the test, the
differential pressure across the MSB specimen was
Figure 3. Hydraulic conductivity of MSB specimen permeated with distilled water, and electrical conductivity of the effluent.
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monitored with time (Figure 4). The hydraulic pressure
and the osmotic pressure decreased with increasing
vertical distance (positive x) from the top boundary of
the specimen; hence DP was plotted. During circula-
tion of DW, a non-zero average differential pressure
(DP)0 & 1.0 kPa was measured, probably as a result of
slightly different hydraulic conductivities of the porous
plates (Malusis et al., 2001) and/or different residual salt
content.
Replacement of DW with the 5 mM CaCl2 solution
caused an immediate increase in the differential pressure
to a peak value (DP)max = 7.3 kPa. The peak value
occurred within ~16 h of the circulation with the source
solution. The differential pressure dropped gradually
thereafter to values fluctuating around (DP)0.
Considering the scatter of the measurements, evaluating
the steady state of the differential pressure exactly was
difficult. Somewhat arbitrarily the steady state of DP
was assumed to have been achieved when the DP vs.
time curve first crossed the line representing (DP)0, i.e.
after ~22 days of circulation with the solution. The
osmotic efficiency was calculated using equation 1. The
steady-state osmotic efficiency was oss = 0. The peak
osmotic efficiency, omax, was calculated from equation 1
using DP = 6.3 kPa and Dp = 36.6 kPa, which is the
maximum theoretical osmotic pressure difference calcu-
lated from the van’t Hoff equation (equation 2) for DC =
5 mM, n = 3, and T = 293.15 K. The maximum osmotic
efficiency coefficient was omax = 0.172. Therefore, the
MSB specimen initially exhibited membrane behavior
(o >0), which was gradually destroyed (o = 0) during
the test.
Solute diffusion
The impact of solute diffusion was assessed by
analysis of the Ca2+ and Cl concentrations in the
outflow solutions over time (Figure 5). Concentrations
were expressed in meq/L in order to visualize the
balance between positive and negative charges. The
breakthrough of Cl in the base outflow occurred much
earlier than for Ca2+. The transport of Ca2+ was,
therefore, retarded compared with Cl. Adsorption of
Ca2+ occurred as a result of exchange with Na+, the
major exchangeable cation of MSB (Table 1), as
confirmed by measurement of Na+ concentrations in
the outflow solutions. The dashed lines (Figure 5)
represent the sum of Na+ and Ca2+ equivalents in the
outflow solutions. The lines tend to approach those
representing Cl, in accordance with the requirement for
electroneutrality of solutions.
During the transient phase of the test, both Na+ and
Ca2+ ions diffused downwards together with Cl in order
to satisfy the electrical balance. Observe that exchanged
Na+ also diffused upwards into the top outflow solution.
Release of Na+ into the clay pore fluid as a result of
exchange with Ca2+ created a local Na+ concentration
gradient between the clay close to the top boundary and
the fresh 5 mM CaCl2 solution (which was free from
Na+) so that counter-diffusion of Na+ occurred in the
direction opposite to that of the main chemical gradient
(Jugnickel et al., 2004). Despite a certain scatter in the
concentration measurements, the steady state for Ca2+
diffusion was apparently achieved.
To evaluate the solute-transport parameters, D (bulk
diffusion coefficient) and Rd (retardation factor), the
trends in Qt vs. time were analyzed by the time-lag
method (Figure 6a,b). The results of the analysis
(Table 2) were obtained for a total porosity n = 0.717
and specimen height H = 7.4 mm.
The steady-state bulk-diffusion coefficients of Cl
and Ca2+ were very close, in accordance with the
electroneutrality constraint. With o = 0 at steady state,
the bulk diffusion coefficients defined by equation 6
coincide with the product of the geometric tortuosity
Figure 4. Differential pressure vs. time recorded during the chemico-osmotic stage of the experiment (redrawn after Mazzieri et al.,
2005).
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Figure 5. Solute concentrations in the outflow solutions at the top and bottom boundaries of the MSB specimen during the chemico-
osmotic/diffusion stage of the experiment (redrawn after Mazzieri et al., 2005).
Figure 6. Trends in cumulative mass per unit area Qt vs. t for Cl
 (a) and Ca2+ (b).
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factor and the free diffusion coefficient, often referred to
as the effective diffusion coefficient (D*) in the
geotechnical literature (e.g. Shackelford and Daniel,
2001; Malusis et al., 2001). The values of bulk-diffusion
coefficients compare well with published data regarding
the effective diffusion coefficients of Ca2+ and Cl in
untreated bentonite at similar porosities (Shackelford
and Lee, 2003).
The steady-state diffusion of Cl based on time-lag
analysis occurred much earlier (11.5 days) than for Ca2+
(30 days). Based on the calculated Rd values, both Cl

and Ca2+ were retarded (Rd>1). Firstly, the calculated Rd
value may depend upon the adopted interpretation of the
transient phase of the test. The time-lag method fails to
take into account electrostatic interactions between ions
and assumes that the boundary concentrations are
maintained constant throughout the test, whereas the
boundary concentrations changed during the test as a
result of diffusion (Figure 5).
Release of Na+ cations during diffusion of Ca2+
suggested that cation exchange onto the clay surface was
the main retarding process for Ca2+. The chemico-
osmotic effect and the electrostatic interaction among
the diffusing ions also had a role in the transient
transport of Ca2+. Cl is usually considered a con-
servative tracer in clay diffusion studies since it tends to
be repelled from negatively charged surfaces.
Theoretically, a conservative tracer should have
Rd = 1. Besides solute restriction (o >0), the retardation
of Cl could be partly explained by the counter-diffusion
of Na+ into the top solution, which may have delayed the
downward diffusion of Cl due to the electrical
interaction.
Permeation with calcium chloride
After completion of the chemico-osmotic stage of the
test, the MSB specimen was permeated with the 5 mM
CaCl2 solution from the top downwards, i.e. in the same
direction as the chemical gradient imposed. The
hydraulic conductivity of MSB with the electrolyte
solution and the EC of the effluent were monitored
(Figure 7). For the sake of comparison, the hydraulic
conductivity and EC during permeation with DW and the
EC of the outflow solution during the chemico-osmotic/
diffusion stage of the test are also displayed. While still
very small, the hydraulic conductivity with 5 mM CaCl2
showed an increase to ~7.061011 m/s compared to
1.1 61011 m/s obtained with DW. Thereafter, the k
value remained approximately constant, with the EC of
the effluent gradually approaching the EC value of the
influent solution, suggesting complete replacement of
the pore fluid. The piston remained blocked during
permeation, so that no additional swelling could occur.
In principle, shrinkage of the specimen was not impeded
and, therefore, the clay might have detached from the
cell walls resulting in sidewall leakage. The evidence at
the end of the test seemed to rule out this possibility,
however.
Firstly, extracting the clay from the cell was rather
difficult, suggesting that a certain pressure was exerted
Table 2. Solute transport parameters.
Solute Time-lag,
tL
a (days)
Steady-state,
tss
a (days)
D·1010
(m2/s)
Rd
()
Cl 2.8 11.5 1.79 4.6
Ca2+ 13.7 30.0 1.60 17.5
a1 day of circulation with DW has been deducted.
Figure 7. Hydraulic conductivity of MSB vs. t during permeation with DW and with 5 mM CaCl2 solution and EC of the effluent
solutions.
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against the walls. Some bentonite solids even remained
attached to the cell. Secondly, sidewall leakage would
probably have resulted in much greater hydraulic
conductivity. In brief, the increase in hydraulic con-
ductivity was related to physicochemical changes
induced in the MSB bentonite by the salt solution.
DISCUSSION
The results obtained in this study qualitatively
resemble previous findings by Shackelford and Lee
(2003) on untreated bentonite (GCL). Those authors
observed a variable osmotic efficiency exhibiting a peak
value, followed by a gradual decrease to zero. They
concluded that the time required to destroy the
membrane behavior correlated almost exactly with the
time required to reach steady-state diffusive transport of
Ca2+ ions through the GCL specimen, and attributed the
destruction of chemico-osmotic behavior to the com-
pression of diffuse double layers, caused by increasing
concentrations of divalent Ca2+ in the pore fluid. The
results are also in accordance with Bresler (1973) who
showed theoretically that the osmotic efficiency
decreases with increasing concentration and increasing
cation valence. As mentioned earlier, the estimated time
required for the destruction of chemico-osmotic beha-
vior of MSB in this study was 22 days, whereas the
steady-state diffusion of Ca2+ was reached after 30 days.
The scatter in the measurement of the differential
pressure may, however, have precluded the exact
assessment of the steady state. Although the correlation
with steady-state diffusion was less evident than in the
study carried out by Shackleford and Lee (2003), the
diffusion of Ca2+ cations and the consequent change in
clay fabric was probably the main factor responsible for
the destruction of chemico-osmotic behavior of MSB.
Test results can be interpreted considering that
montmorillonites are organized in quasicrystals
(Aylmore and Quirk, 1971), each consisting of several
individual layers stacked together. Laird (2006) pointed
out that crystalline swelling is a process that occurs
within quasicrystals, whereas double-layer swelling
occurs between quasicrystals. At the clay/water ratio
achieved by the clay during the test, quasicrystals will
likely not exfoliate completely. The structure of the
hydrated bentonite will consist of a mixture of particle
aggregates and individual particles, where double layers
extend into voids between quasicrystals and around
delaminated individual particles, which reorganize to
form soft gels in the open voids (Pusch and Weston,
2003; Guyonnet et al. 2005). In such a structure, most of
the water is bound and the hydraulic conductivity to
water is typically very low (Mesri and Olson, 1971;
Mitchell, 1993; Jo et al., 2001, 2004).
The restriction of ions is greatest when the double
layers of adjacent particles overlap in the pore space,
leaving little or no free solution for ion transport
(Shackelford and Malusis, 2002). A variation of
double-layer thickness and related electrical potentials
in the pore space will, therefore, generally influence
both the pore space available to solvent flow (i.e. the
hydraulic conductivity) and the fraction of pore space
available to ions and solvent flow (i.e. the osmotic
efficiency). At constant total porosity, compression of
the double layers due to the exchange of Ca2+ for Na+
results in an increase in the fraction of pore space
available to water transport and a reduction of the pore
space restricted to ions. Hence, the increase in perme-
ability is consistent with the observed decrease in
chemico-osmotic efficiency (Wintwhorth and Fritz,
1994; Malusis and Shackelford, 2001).
The results suggested that a modification of the initial
properties conferred by PC occurred during the test.
According to Onikata et al. (1999),PC is bound to the
bentonite by coordination with the adsorbed cations in
the interlayer of montmorillonite. As the exchange of
Ca2+ for Na+ cations was demonstrated, the question
arises as to whether the exchangeable Na+ was removed
together with the coordinated PC clouds. Direct assess-
ment of the release of either PC in the effluent solutions
or the presence of PC in the MSB at the end of the test
was not possible. Comparison of the dry mass of the
specimen before and after the test revealed a mass loss
of ~2.00 g, which can be partly attributed to the solids
which remained attached to the cell and to the removal
of PC during permeation and/or oven-drying.
Considering the initial, nominal content of PC in MSB
(20%), a calculation showed that 3.56 g of PC was
initially bound in the specimen. Even if the mass loss of
2.00 g was entirely attributed to PC, 1.56 g of PC would
remain bound to the clay.
Free swell tests were performed on the MSB retrieved
from the specimen: the free swell was 11 mL in DW and
10 mL in 5 mM CaCl2. These values were significantly
different from the results obtained on unused MSB
(23 mL in DW and 50 mL in 5 mM CaCl2) and were
close to values commonly obtained with Ca-bentonites
(Egloffstein, 2001). In short, at the end of the test, the
MSB appeared to have converted into a Ca-exchanged
bentonite partially or totally deprived of PC and of the
swelling properties initially conferred by PC.
Conversion into a Ca-bentonite probably occurred
during the diffusion stage and partly during permeation
with 5 mM CaCl2.
Katsumi et al. (2008) performed permeability tests on
granular MSB with deionized water with and CaCl2
solutions ranging from 0.1 M to 0.5 M. Permeation was
carried out at effective stress of 2030 kPa and for test
duration of up to 2 years. For deionized water, k =
1.561011 m/s was found, very close to the value k =
1.061011 m/s obtained in the present study using DW.
Katsume et al. (2006) obtained k = 6.261011 m/s with
0.1 M CaCl2 , however, and k = 6.5610
11 m/s with
0.5 M CaCl2 as opposed to k = 7610
11 m/s with
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5mM CaCl2 found in the present study. In short, they
found a similar permeability of MSB with significantly
greater calcium concentrations. Several possible reasons
for the difference exist. Firstly, a dry mass of solids per
unit area of 0.80 g/cm2 was used by those authors to
prepare the specimens vs. 0.45 g/cm2 used in the present
study. Secondly, the use of flexible-wall permeameters
as opposed to the rigid-wall testing cell and fixed
specimen height used in this study may be significant.
Finally, in the present study, the MSB was prehydrated
and permeated with DW prior to exposure and permea-
tion with the CaCl2solution, whereas the MSB was
permeated directly with the solutions in the Katsumi et
al. (2008) study. In accordance with the molecular
model of PC-montmorillonite complexes suggested by
Onikata et al. (1999), swelling of MSB occurs as water
molecules are attracted inside the PC clouds that
surround the interlayer cations. During the initial
hydration phase, the MSB specimen was allowed to
swell freely with DW. Several molecular layers of water
were attracted around the interlayer cations, which could
have weakened the intermolecular bond between PC and
interlayer cations, so that the PC could eventually have
been released. Permeation with DW to wash out soluble
salts may also have facilitated elution of PC from the
clay. Mazzieri and Pasqualini (2006) observed that MSB
permeated directly with natural seawater had a hydraulic
conductivity of 561011 m/s, whereas MSB prehydated
with DW and then permeated with natural seawater had a
hydraulic conductivity of 1.561010 m/s; which con-
trasts with the behavior of both untreated (Shackelford et
al., 2000) and polymer-treated bentonites (Ashmawy et
al., 2002), for which prehydration usually produces
lower permeability than direct contact with a given
solution. Further investigations are necessary to clarify
the effect of prehydration on the hydraulic performance
of MSB in the presence of a potentially aggressive
solution.
CONCLUSIONS
A combined chemico/osmotic diffusion test was
carried out in order to investigate solute diffusion and
to evaluate the potential for membrane behavior of a
chemically modified bentonite (MSB), obtained by
treating base sodium bentonite with propylene carbo-
nate. The chemico-osmotic/diffusion stage of the test
was performed using a 5 mM CaCl2 solution. The
diffusion stage was preceded by permeation with
distilled water and followed by permeation with the
5 mM CaCl2 solution.
The steady-state solute-diffusion coefficients in MSB
were 1.6061010 m2/s for Ca2+ and 1.7961010 m2/s
for Cl, respectively. The values were very close, in
accordance with the requirement for electroneutrality,
and compared well with values commonly described for
untreated bentonites under similar conditions. The MSB
exhibited a time-dependent membrane behavior, with a
peak osmotic efficiency o of 0.172 followed by a
gradual reduction to o = 0. The reduction of osmotic
efficiency was associated with the breakthrough of Ca2+
cations through the specimen and the release of Na+
cations. The hydraulic conductivity increased from
1.161011 m/s in DW to 7.061011 m/s in 5 mM
CaCl2. The increase in hydraulic conductivity was also
attributed to the invasion of pore space by Ca2+ cations.
Although direct evidence of the concomitant release
of the organic additive during the test was not provided
in this study, the final properties of the MSB (free swell,
hydraulic conductivity) were consistent with those of an
un t r e a t ed and ca l c ium-exchanged ben ton i t e .
Prehydration and subsequent permeation water might
have contributed to elution of the organic additive from
the clay. More research is warranted to extend the results
of this study to different solutes, different porosities, and
to different testing methods. In particular, further
investigations are necessary to clarify the effect of
prehydration on the hydraulic performance of MSB in
the presence of potentially aggressive permeants.
LIST OF ABBREVIATIONS
GCL = geosynthetic clay liner
MSB = multiswellable bentonite
NB = base (untreated) bentonite
PC = propylene carbonate
CEC = cation exchange capacity
DW = distilled water
EC = electrical conductivity
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